The polysome status and populations of polysomal mRNA were examined in different regions of dark-grown soybean (Glycine max [L.] Merr.) stems that contained either dividing, elongating, or mature (nongrowing) cells. There was a developmental gradient of polysome content in which the dividing tissue had the highest levels and the mature tissue the lowest. A few hours after transplanting the seedlings to vermiculite having low water content (water potential apw = -0.29 megapascals), stem growth rate decreased to 30% of well-watered controls and the polysome content decreased most in the dividing and elongating tissues. After 24 to 36 hours, stem growth and polysome content recovered gradually. In vitro translation products of polysomal mRNA from dividing, elongating or mature tissue were examined on two-dimensional gels. In well-watered controls, each of the stem regions was enriched in a small subset of the polysomal mRNA population, probably because of developmentally regulated gene expression. Exposing plants to low afr for 24 hours induced a change in the relative abundance of a small number of polysomal mRNAs in the elongating and mature tissues, but not in the dividing tissue. After 24 to 72 hours at low *, the changes in polysomal mRNA population were reversed in the elongating tissue. The data indicate that changes in stem growth at low water potential are associated with changes in polysome status and polysomal mRNA in the elongating tissue.
Plant growth is severely inhibited by water deficits, and much work has concentrated on determining the cause of the inhibition (17) . Soybean seedlings have provided a great deal of information about changes in plant water status induced by low ir3 (6, 8, 23) . When the seedlings are grown in the dark at 100% RH to prevent transpiration, stem tissue in the elongating region has a q'w below that of the mature, non-growing tissue which is in nearequilibrium with the transpiration stream (8) . This q i f gradient could be due to the extensibility of the cell walls which prevents turgor from reaching the maximum level it would have in cells with the same osmotic potential but rigid cell walls (6) . During growth inhibition due to water deficits, turgor is maintained in the elongating tissue of these stems (8, 23) 3Abbreviations: q,, water potential; LP/P, ratio of large polysomes to total polysomes; PtT, ratio of polysomes to total ribosomes. tissues of agronomic species (21, 22, 36) . These data indicate that, although turgor may be important in some tissues (17) . decreased turgor cannot explain the inhibition of growth at low ifi in all cases. Similarly, turgor was unchanged during auxinstimulated growth of pea stem or blue light mediated inhibition of stem growth in cucumber and sunflower, which led Cosgrove (11) to suggest that these treatments instead affected cell wall properties.
Metabolic processes, particularly those affecting cell wall extensibility, could be involved in growth regulation. Inhibitors of protein synthesis (e.g. cycloheximide) inhibit auxin-induced growth and H + excretion at concentrations that do not affect respiration (2, 9, 33). Cleland (10) reported that the capacity for H + -induced loosening of cell walls was decreased by pretreating oat coleoptiles with cycloheximide. These findings suggest that some shortlived protein(s) may be required for auxin-and H+--induced effects on growth. Protein synthesis is rapidly inhibited by water deficits, as indicated by disaggregation of polysomes (polyribosomes) (16. 21, 24, 28) . In addition, there are differences between growing and nongrowing tissues with respect to polysome content (12, 34) and the sensitivity of polysomes to disaggregation at low qi/. (3, 21) . These data are consistent with the idea that plant growth requires protein synthesis and that its inhibition could be a factor contributing to reduced growth during water deficits.
Several environmental stresses alter gene expression in plants, including heat, anaerobiosis, and salt (29) . Water deficit induces the expression of some genes common only to water deficit and ABA treatments in maize (15) . In soybean seedlings, relative proportions of cell wall proteins in growing and non-growing hypocotyl tissues are different and are altered at low fi,, (7) . Thus it seems possible that growth regulation during water deficit is mediated at least partly at the level of gene expression.
Therefore, we proposed as a working hypothesis that growth inhibition due to water deficit involves transcriptional or translational alterations of gene expression that might affect the mechanical properties of the cell wall. Since cessation of cell growth during normal development is probably mediated by such events, we undertook a study of polysome content and polysomal mRNA populations in regions of the soybean stem which contain either dividing, elongating or nongrowing (mature) cells, and we compared the developmental changes with those induced by low ,O,.
We found that water deficit induces changes in the elongating tissue that are similar in some respects to those brought on by maturation. The (27) . The assays were prepared for isoelectric focusing by drying under reduced pressure and resuspending in 25 Al of 9.5 M urea. An equal volume of lysis buffer (27) was added, and 20 to 50 Al containing 0.8 to 1.6 x 106 cpm TCAinsoluble radioactivity were loaded on each 12 cm x 1.5 mm first dimension gel. Proteins were focused at 400 V for 15 h followed by 1000 V for 1 h (7000 V-h total), and the gels were soaked in Laemmli (18) sample buffer for 45 min. The second dimension was SDS-PAGE with a 12% acrylamide resolving gel using the buffer system of Laemmli (18) . Second dimension gels were fixed with acetic acid:methanol:water (1:4:5, v/v) and fluorographed (5) using Kodak X-Omat AR or BB-1 x-ray film. Exposure times were adjusted to give approximately equal overall densities between gels, and were about 6 d per 106 cpm TCAinsoluble radioactivity on Kodak BB-1 film.
Chemicals.
[35S]Methionine (>800 Ci/mmole) was from New England Nuclear. Wheat germ extract for in vitro translation was from Amersham. Ampholines were from LKB (Bromma, Sweden). Ribonuclease-free sucrose was from BRL (Gaithersburg, MD). Proteinase K was from Boehringer-Mannheim. RNasin (placental ribonuclease inhibitor) was from ProMega Biotech (Madison, WI). All other chemicals were obtained from Sigma.
RESULTS
Polysome Status of Different Stem Regions. Polysomes were sedimented directly from 20,000g supernatants. This prevented losses of the monosomes and ribosome subunits that may occur in the alternate method, which requires polysomes to be pelleted through dense sucrose (12) . All profiles ( Fig. 1 ) represent equivalent numbers of stem segments except for the 1/8 x mature tissue, which represents twice the number of segments but approximately the same fresh weight as 1 x mature tissue. Figure  1 shows that, in 1 x stems, ribosomes shifted to the non-polysomal region of the sucrose gradient as the tissue became more mature (Fig. 1, A-C) . The large amount of subunits in these profiles may be due to dissociation of 80S ribosomes induced by proteinase K, which was used as an inhibitor of ribonuclease. Proteinase K eliminates artifactual polysomal aggregates which associate via nascent peptide chains that are hydrophobic, but has no other effect on sedimentation characteristics at the concentration used here (1). Differences in polysome size and content were more apparent when gradients were scanned on a more sensitive scale (Fig. 1 insets) . These show that, although the polysomes changed with development in both 1 x and 1/8 x stems, the content of large polysomes was lower in all regions of the 1/ 8x stems (Fig. 1 , D-F) compared to the 1 x stems (Fig. 1 , A-C). The polysome content decreased most in dividing and elongating tissues (Fig. 1, D 
-E).
The polysome size class ratios for tissues studied in Figure 1 were calculated using data from several similar experiments (Table   1 ). The ratio P/T represents the proportion of total ribosomes found in polysomal aggregates, and is usually interpreted as that part of the available ribosomes engaged in protein synthesis. Table I . Size Classes of Polysomes from Soybean Stems Tissue was harvested 24 h after transfer of the plants to 1 x or 1/8 x vermiculite. P/T represents the proportion of total nbosomes aggregated into polysomes, and LP/P represents the proportion of polysomes having 6 or more ribosomes. Polysomes were prepared and sedimented as in Figure 1 , and the ratios P/T and LP/P were determined by cutting out and weighing appropriate areas of the profiles, using the post-ribosomal supernatant profiles as a baseline. (35) .
The data indicate that in 1 x seedlings, mature tissue had a much reduced capacity for protein synthesis (P/T) compared to dividing and elongating tissue (Table I) , which is consistent with other reports (3, 12, 21, 34) . Plants grown at low qtw showed low P/T values in all areas of the stems. In addition, low iw decreased the apparent rate of peptide initiation (LP/P) in all the tissues. Time Course of Changes in Stem Growth and Polysome Ratios. In order to determine whether changes in growth rate were correlated with changes in polysome status, we measured these parameters at various times after transplanting to 1 x or 1/8 x vermiculite. Figure 2A shows that transplanting to 1 x vermiculite had no effect on the rate of stem growth for 10 h, after which there was an increase from 1.6 to 2.3 mm/h. The growth of the 1 x stems became difficult to measure photographically after 40 h because of the great stem length and bending, but direct measurements showed that the 1 x stems continued to elongate rapidly until 72 h after transplanting (data not shown). Bozarth et al. (7) observed similar rapid growth at least until 96 h after transplanting. In 1/8x vermiculite, there was a rapid decrease in growth rate within 1 h that reached a minimum value between 18 and 22 h after transplanting. A subsequent recovery began between 24 and 36 h, and a growth rate of 1.4 mm/h was observed by 72 h. Bozarth et al. (7) found that the fresh weights per unit length of elongating and mature stem tissues were the same in 1 x and 1/8 x stems, which indicates that no water loss occurred in the 1/8 x stems.
The polysome status of the elongating stem tissue generally followed the growth rate in both 1 x and 1/8 x seedlings ( Hours After Transplanting 2B). Transplanting seedlings to 1 x vermiculite may have caused a slight and transient decrease in P/T and LP/P, but both increased somewhat by 24 h. When seedlings were transplanted to 1/8 x vermiculite, polysome ratios decreased after 4 h, and reached minimum values by 24 h. The progressive decrease of LP/P along with P/T suggests that there was a partial block of initiation (16, 35) , but this does not preclude the possibility that mRNA availability was reduced (12) . Polysome status began to recover by 40 h, and reached levels observed in 1 x controls by 72 h after transplanting.
Polysomal mRNA Populations in Stem Tissues. In order to determine what differences existed in polysomal mRNA populations in different regions of the stem and how these were affected by growth at low qiw, we translated polysomal mRNA in a wheat germ extract and visualized the products by fluorography of two-dimensional polyacrylamide gels. Figure 3 shows that many mRNAs were found in all stem regions examined (e.g., spots marked 'C' in Fig. 3, A-C) . Other spots appeared preferentially in one..tissue type (spots marked 'D,' 'E,' or 'M' in Fig. 3, A-C) . Although growth at-low fw greatly decreased the polysome content in the dividing tissue (Fig. 1D) , there were few changes in the polyspmal mRNA populations (Fig. 3, A versus D) . The elongating tissue of the 1/8 x plants showed an enhancement of several mRNAs (Fig. 3, B versus 3E , spots 1-7, 9, and 10), but ,ome. mRNAs decreased that were normally most abundant in elongating tissue (cf. Fig. 3 , B and E, spots marked 'E'). Interestingly, some of the mRNAs that increased in the elongating region at 1/8 x were most abundant in mature tissue of 1 x plants (spots numbered 3, 7, 9, and 10 in Fig. 3 ). Low qi, increased some of the same mRNAs in the mature tissue that were enhanced in the 1/8 x elongating tissue (cf. Fig. 3 , C versus F, spots 1-4 and 6), but did not change others (spots 5, 7, 9, and 10). Three spots were induced by low qi, only in the mature tissue (Fig. 3F, spots numbered 8, 11, and 12) .
The increase in polysomal mRNA coding for particular peptides in elongating 1/8 x tissue could have arisen by changes in either cellular mRNA levels or distribution of mRNA between polysomes and the nonpolysomal fraction. In order to determine whether these mRNAs were present but untranslated in the cytoplasm of 1 x tissue and whether low q,w changed the distribution, we translated nonpolysomal mRNA from the elongating region of the stem. This mRNA was prepared from material that sedimented more slowly than 70S on gradients like those in Figure 1 . The two-dimensional patterns (Fig. 4) show some differences between the 1 x and 1/8 x treatments, but only one spot (number 5) could be identified as one of the polysomal mRNAs that showed increased levels at low qi, and it was more prevalent in the cytoplasm of 1/8 x stems. Thus it is unlikely that the change in polysomal mRNA population was due to recruitment of mRNA into polysomes from a cytoplasmic nonpolysomal pool of mRNA. Their increased abundance in polysomes probably resulted from enhanced gene transcription and/or increased mRNA stability Since the polysome status of the elongating tissue recovered during the recovery of growth in 1/8 x seedlings (Fig. 2) , it was of interest to know whether the polysomal mRNA population of the elongating tissue also changed. If growth changes were mediated by altered gene expression, the recovery of growth might occur either by reversal of the changes in mRNA population seen in Figure 3E , or by the induction of new gene products. The results in Figure 5 support the former case. Some of the mRNAs showed increased abundance in polysomes by 4 h after transplanting to 1/8 x vermiculite, (Fig. SE, spots 1-4 , 7, 9, and 10), and reached their highest levels after 24 h (Fig. SF) . These mRNAs began to disappear at 48 h (Fig. 5G) , and by 72 h their relative abundance was quite similar to that in 1 x tissue (Fig. SH) . This time course is similar to those observed for growth and polysome status (Fig. 2) . Interestingly, spots 9 and 10, which appeared to be induced by water deficit in elongating tissue at 24 h after transplanting (Fig. 3E) , also occurred in the 1 x elongating tissue before transplanting (Fig. 5A) The mRNA used for in vitro translation was obtained from polysomes, so that the translation products probably represent the proteins being synthesized in vivo. It is important to note that the translation of some polysomal mRNAs may be selectively repressed in vivo (32) . However, the inactive polysomes would be inhibited at elongation steps,of peptide synthesis, thus causing the formation of larger polysomes, as was found with the Cat2 mRNA in maize (32) . Since we observed a shift to smaller polysomes (lower LP/P) at low /,. (Fig. 2B, Table I ), it seems unlikely that peptide elongation was inhibited.
A basis exists for the link between protein synthesis and growth suggested above. An equation describing plant tissue enlargement (6, 11) , which combines the water demand and water supply functions formulated by Lockhart (19) , shows that, in the steady state, growth depends on five factors: (a) the turgor, (b) the minimum turgor required for growth (yield threshold), (c) a cell wall yielding coefficient (extensibility), (c) the water potential difference between the cells and the surroundings, and (c) the tissue hydraulic conductance. Three of these (yield threshold, wall extensibility, and tissue hydraulic conductance) are probably controlled by metabolic processes that affect the mechanical properties of cell walls or hydraulic conductivity of cell membranes. These properties could be modulated by changes in the rate of synthesis of particular proteins.
Since low , reduced the growth of soybean stems somewhat faster than the polysome content (Fig. 2) , the initial cause of growth inhibition may be unrelated to polysome loss. The cause is probably not a loss of turgor, since previous studies showed that similarly treated soybean seedlings maintained turgor by osmotic adjustment in the elongating tissue of the stem (8, 23) . This is consistent with the lack of correlation between turgor and growth observed in other osmotically adjusting tissues during water deficit (21, 22, 36) . Disruption of water flow to elongating cells could explain the rapid growth decline. A drop in the /i, of the xylem, which occurs when plants are transplanted to vermiculite having low q,w, could cause a disruption of the radial gradient of water potential between the transpiration stream and the growing cells (6, 8) . Reestablishment of a favorable gradient would be required for growth to continue, and this could be accomplished by lowering the tissue osmotic potential, as was observed (8, 23) . Studies by Nonami (25) indicate that the gradient is reestablished about 10 h before growth begins to recover, which suggests that other factors were limiting growth during this interval. A decreased rate of protein synthesis and altered gene expression may account for these effects.
Several studies indicate that protein synthesis is necessary for auxin-stimulated growth (2, 9, 33) . This is consistent with the concept of a population of labile 'growth-limiting proteins' that are rapidly depleted in the absence of protein synthesis. Polysome disaggregation could thus limit growth during water deficit by reducing the rate of synthesis of such proteins. By analogy, loss of nitrate reductase activity was associated with polysome loss during water deficits in maize leaves, and the recovery of polysome content preceded the increase in nitrate reductase activity upon rewatering (24) . Although growth inhibition preceded polysome loss in the present study, reduced protein synthesis could prevent recovery of growth. This suggestion is consistent with findings that polysome content was well correlated with the growth rates of four different plants at low q (21) , and that the ,non-growing tissue had fewer polysomes than the growing tissue of the same plant organ (3, 12, 21, 34) .
Bozarth et al. (7) recently found that low iw caused an increase in salt-extractable cell wall protein in dividing and elongating tissues of soybean stems. However, this effect could be caused by the failure to incorporate wall protein into an unextractable matrix, rather than an increased rate of synthesis. Although our data (Table I, Fig. 2B ) suggest that low 4'w decreased protein synthesis in growing stem tissues, accumulation of wall protein might still occur, because the inhibition of stem growth (to 30% of control, Fig. 2A ) exceeded the decrease in polysome content (to 50% of control, Fig. 2B ). Bozarth et al. (7) saw no change in the content of soluble protein at low iw, which suggests that the cells maintained a balance between protein synthesis and degradation. However, they would not have detected the depletion of a small population of proteins which might be crucial for the growth process. The mRNAs for such proteins could be represented by the spots marked 'E' (Fig. 3, B and E), which decreased in the elongating tissue at low qiw.
The effect of low 4', on the elongating tissue of soybean hypocotyl may be interpreted as a reversible shift towards the metabolic state of mature tissue. The polysome profiles (Fig. 1) and polysome size class ratios (Table I) were very similar for elongating tissue of 1/8 x seedlings and mature tissue of 1 x seedlings. Growth in 1/8 x vermiculite inhibited stem elongation ( Fig. 2A) , and increased the presence in elongating tissue of particular mRNAs that were most abUndant in mature tissue (Fig. 3E , spots 3, 7, 9, and 10). All of these effects were maximal about 24 h after transplanting and were reversed between 24 and 72 h (Figs. 2 and 5). Thus it is possible that the combined effects of inhibited protein synthesis and enhanced expression of mature tissue genes contributed to the inhibition of growth observed at low iw.
We do not know the function and cellular location of the translation products of the mRNAs that were enhanced in 1/8 x tissue, but some of them (Fig. 3E, spots 1, 3, 9 , and 10) were preferentially associated with membrane-bound polysomes (data not shown). This is consistent with a cell wall or plasma membrane destination, which suggests a possible function in the regulation of cell expansion. Two of the water deficit-induced mRNAs appeared in the pattern of elongating tissue before transplanting (Fig. 5A, spots 9 (Fig. SG) . Since the growth rates of both the 1 x and 1/8 x seedlings increased during the times these mRNAs disappeared ( Fig. 2A) , they may be associated with growth inhibition. Interestingly, several of the products (Fig. 3E,  spots 1-3, 9 , and 10) had mobilities in the second dimension similar to that reported for a soybean seed peroxidase (M, = 37 kD) (31) . Peroxidase activity was correlated with growth potential and cell wall plasticity along the mung bean stem (14) , and thus may play a role in growth regulation, as suggested by Fry (13) .
Our data (Fig. 4) indicate that the increased presence of particular mRNAs in the polysomes of elongating tissue was not caused by an altered distribution of mRNA between polysomes and the nonpolysomal fraction, but we cannot entirely exclude this possibility. Lodish (20) proposed that different mRNAs could compete for available initiation factors, and that under conditions where these were limiting the rate of protein synthesis, A bias would be created favoring initiation on "strong" mRNAs having greater affinities for initiation factors. While our data suggest a partial initiation block at low 'fr. (reduced LP/P values in Table   I and Fig. 2B ), this mechanism is unlikely to have caused the altered mRNA profile for three reasons. First, some of the mRNAs were induced from barely detectable levels (Figs. 3E and 5E, spots 1, 2, 4, 6, and 7), and if these were 'strong' mRNAs, they would be more prevalent in polysomes of unstressed plants. Second, low 4',, caused a greater enhancement of some mRNAs in polysomes from the mature tissue than in the elongating tissue (Fig. 3F, spots 1 , 3, and 6), but had less effect on polysome status in the mature tissue (Table 1) . Third, LP/P ratios were most drastically reduced in the dividing tissue (Table I ), but mRNA profiles were least affected in this tissue (Fig. 3, A and D) . Concomitant alterations in polysome content and mRNA translation products also occur in aged and wounded pea epicotyl, but nonpolysomal mRNA was not examined (30) . The effects of low q i / on gene expression contrast with the drastic changes reported for other environmental stresses (29) . During heat and anaerobic stresses, the normal pattern of protein synthesis is greatly altered, and the stress pioteins are the major products observed. Although low qi, greatly altered the polysome status in the present work (Figs. 1 and 2B ), the polysomal mRNA populations remained similar with certain notable exceptions.
Others have observed a similar response to low f i , . (4, 15) .
In 
